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Transcriptional regulationCalcium is a universal messenger involved in the modulation of diverse developmental and adaptive process-
es in response to various physiological stimuli. Ca2+ signals are represented by stimulus-speciﬁc Ca2+ signa-
tures that are sensed and translated into proper cellular responses by diverse Ca2+ binding proteins and their
downstream targets. Calmodulin (CaM) and calmodulin-like (CML) proteins are primary Ca2+ sensors that
control diverse cellular functions by regulating the activity of various target proteins. Recent advances in
our understanding of Ca2+/CaM-mediated signalling in plants have emerged from investigations into plant
defence responses against various pathogens. Here, we focus on signiﬁcant progress made in the identiﬁca-
tion of CaM/CML-regulated components involved in the generation of Ca2+ signals and Ca2+-dependent reg-
ulation of gene expression during plant immune responses. This article is part of a Special Issue entitled: 12th
European Symposium on Calcium.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
In their natural environment, plants are constantly exposed to ﬂuc-
tuating conditions, and they have evolved sophisticated mechanisms to
perceive and respond to environmental cues in order to survive and
propagate. To process the information perceived, plants use secondary
messengers such as the Ca2+ ion. An increase in free Ca2+ levels in a
cell compartment acts as a signal carrying speciﬁc information to be
translated into appropriate biological responses by downstream effec-
tors. Many exogenous and endogenous factors including light, tem-
perature, drought and salt stress, pathogen-derived molecules and
phytohormones provoke elevations of free Ca2+ levels in different com-
partments of plant cells [1]. The Ca2+ level peaks with spatio-temporal
characteristics depending on the nature and the strength of the primary
stimulus. These stimulus-speciﬁc patterns of Ca2+ signals, also called
Ca2+ signatures, result from a tight control of the activities of channels
and pumps, present on the plasma-membrane and endomembranes,
that govern Ca2+ ﬂux between neighbouring compartments [2]. As
plants appear to lack most of the Ca2+ channels found in animals, thee; CPK, calcium-dependent pro-
ringae pathovar tomato; PAMP,
ered immunity; PTI, PAMP-trig-
hibited Ca2+-ATPase; CNGC, cy-
ressor; TF, transcription factor;
icylic acid; NO, nitric oxide
uropean Symposium on
S), UMR 5546 Laboratoire de
6 Castanet-Tolosan CEDEX,
l rights reserved.search for ion channels initiating Ca2+ elevation in plant cells has been
a topic of intense research that has provided evidence for the contribu-
tion of cyclic nucleotide gated channels, glutamate-like receptor chan-
nels and two-pore channels to Ca2+ signalling in plants [3–5]. Ca2+
extrusion systems that restore a basal Ca2+ level after a Ca2+ rise are
represented by Ca2+-ATPase pumps and Ca2+/proton exchangers [6,7].
Ca2+ efﬂux processes are as important as Ca2+ inﬂux events in shaping
deﬁned Ca2+ signals, and both processes are subject to complex regula-
tion in order to coordinate their respective activities.
Ca2+ signatures are recognized by Ca2+ binding proteins that trans-
late Ca2+ signals into cellular responses through Ca2+-dependent reg-
ulation of downstream effectors. Most Ca2+ sensor proteins possess EF
hand motifs, a helix-loop-helix structure that binds one Ca2+ ion [8].
Upon Ca2+ binding, Ca2+ sensors undergo conformational changes
that promote either their own catalytic activity or their interaction
with target proteins. Plants have a superfamily of EF hand proteins
with at least 250 members predicted from the genome of the model
plant Arabidopsis thaliana [9], and those known to function as Ca2+ sen-
sors and transducers are mainly represented by three sub-families: cal-
modulin (CaM) and calmodulin-like proteins (CMLs), Ca2+-dependent
protein kinases (CPKs), calcineurin B-like proteins (CBLs) and their
interacting protein kinases [10]. CaM, a well known Ca2+ sensor
found in all eukaryotes, is highly conserved during evolution, whereas
CMLs, CPKs and CBLs appear to be restricted to plants and lower protists
[11].
Because Ca2+ acts as a versatile second messenger in various devel-
opmental processes and adaptation responses, progress in our un-
derstanding of Ca2+ signalling systems has emerged from studies
performed in various ﬁelds of plant biology. In particular, investigations
on plant defence strategies against pathogens have greatly contributed
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Ca2+ signals, and to demonstrating their roles in plant immunity
[12,13]. Because exhaustive reviews on Ca2+ signalling in plants are reg-
ularly published, we will focus here on recent advances in Ca2+/
CaM-mediated signalling during plant–pathogen interactions with an
emphasis on key components involved in the generation of Ca2+ signals
and modulation of gene expression. Readers can also refer to recent arti-
cles reviewing the function of other Ca2+ sensor proteins including CPKs
and CBLs, in immune and stress signalling [14–16].
2. Ca2+ signals in plant immunity
Plants defend themselves against potential pathogens by using two
main strategies [17]. The ﬁrst strategy, referred as to non-host resis-
tance, is initiated by the recognition of conserved pathogen-associated
molecular patterns (PAMPs) by pathogen recognition receptors [18].
Typical examples of PAMPs areﬂg22 and elf18, two peptides derived re-
spectively from bacterial ﬂagellin and the elongation factor Tu, and fun-
gal chitin. Each of these PAMPs is speciﬁcally recognized by a distinct
receptor kinase. Perception of PAMPs activates diverse signalling events
including the generation of Ca2+ signals and oxidative burst, the pro-
duction of hormones and phosphorylation cascades, leading to a
broad and non-speciﬁc resistance, called PAMP-triggered immunity
(PTI). To counteract this basal defence, pathogens can deliver a range
of effectors into plant cells that suppress PTI, thus allowing the propaga-
tion of pathogens in plant tissue and occurrence of disease. In a second
strategy, plants activate another layer of defence, called effector-
triggered immunity (ETI), which is initiated by the speciﬁc recognition
of a pathogen effector by the corresponding plant resistance protein. ETI
is a robust and speciﬁc resistance that often leads to the hypersensitive
response (HR). The HR is a programmed cell death of plant cells sur-
rounding the site of infection, which is believed to prevent further
spread of the pathogen in plant tissue [19].
One of the earliest signalling events observed after the recognition of
a pathogen is ion ﬂuxes across the plasmamembrane including inﬂux ofFig. 1. Role of Ca2+ and CaM in regulating the activities of Ca2+ inﬂux/efﬂCa2+ into the cytosol [12]. Transformed plants expressing aequorin, a
Ca2+ sensitive luminescent protein, have been used tomonitor changes
in intracellular Ca2+ levels after pathogen inoculation or application of
PAMPs. Thus, distinct cytosolic Ca2+ signatures have been described in
Arabidopsis leaves after inﬁltration with various strains of the bacterial
pathogen Pseudomonas syringae (Pst) [20]. All strains produce a rapid
and transient rise in cytosolic Ca2+ concentrations with a maximum
peaking at around 10 min after pathogen challenge. In addition, aviru-
lent strains of Pst which trigger the HR, elicit a second and sustained
increase in cytosolic Ca2+ levels, whereas virulent strains do not. Inter-
estingly, preventing the Ca2+ inﬂux with LaCl3, a general Ca2+ channel
blocker, results in the suppression of the HR, suggesting a crucial role of
Ca2+ in ETI. Similar studies have been performed after plant treatment
with PAMPs such as ﬂg22 and elf18, or other elicitors of plant defence,
to show that different PAMPs and elicitors induce distinct cytosolic
Ca2+ signatures [21]. Moreover, transgenic plants expressing aequorin
targeted to different cellular compartments have revealed that PAMPs
and elicitors can induce Ca2+ signatures not only in the cytosol, but
also in the nucleus, mitochondria or chloroplasts, suggesting the inte-
gration of all organelles in plant defence systems [22,23].
Little is known about the channels and pumps controlling Ca2+
transport in plant cells [24]. Recently, a collection of mutants obtained
by a chemical mutagen treatment of transgenic aequorin plants, has
been used to isolate mutated plants exhibiting a disordered Ca2+ signal
in response to ﬂg22 treatment [25]. Interestingly, some mutants show
differential phenotypes induced by various PAMPs, and further charac-
terization of these plants will likely lead to the discovery of key actors re-
quired for the generation and/or regulation of Ca2+ signals during PAMP
signalling. Other genetic approaches performed to isolate mutants with
impaired pathogen resistance, have recently revealed the essential
roles of Ca2+ permeable channels, such as cyclic nucleotide-gated chan-
nels (CNGCs), and Ca2+pumps, like autoinhibited Ca2+-ATPases (ACAs),
in plant immunity (Fig. 1). CNGCs are non-selective cation channels that
were shown to conduct Ca2+ through the plant cell plasma-membrane
[26]. Disruption of CNGC2 or CNGC4 genes in Arabidopsis results in anux systems involved in plant immunity. Details are given in the text.
Table 1
Examples of CaM and CMLs involved in plant immunity. The biological effect of gene mu-
tation or modulation of CaM/CML expression is given, together with the gene name and
the organism. Pst: Pseudomonas syringae pv. tomato, HR: Hypersensitive Reaction.
Gene
name
Plant
species
Experimental
evidence
Biological effect Reference
CaM1 Capsicum
annuum
Transient
expression
Local resistance to
Xanthomonas campestris
pv. vesicatoria
[44]
CaM13 Nicotiana
tabacum
Virus-induced
gene silencing
Enhanced susceptibility to
tobacco mosaic virus,
Ralstonia solanacearum,
Rhizoctonia solani
[43]
Rgs-CaM Nicotiana
tabacum
Knockdown/
overexpression
Impaired resistance to
cucumber mosaic virus
[48]
APR134 Solanum
lycopersicum
Virus-induced
gene silencing
Loss of HR to avirulent Pst
(avrPto)
[45]
CML43 Arabidopsis
thaliana
Overexpression Accelerated HR to avirulent
Pst (avrRpt2)
[45]
CML24 Arabidopsis
thaliana
Point mutation Impaired HR to avirulent
Pst (avrRpt2)
[46]
CML42 Arabidopsis
thaliana
Insertional
mutation
Enhanced resistance to
Spodoptera littoralis
[67]
CML9 Arabidopsis
thaliana
Insertional
mutation/
overexpression
Impaired susceptibility to
virulent Pst
[47]
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addition, monitoring Ca2+ signals in cngc2mutant background express-
ing aequorin suggests that CNGC2 facilitates Ca2+ ﬂux into the cytosol
during plant–pathogen interactions [3]. Other Ca2+ permeable channels
such as glutamate-like receptors (GLRs) have been proposed to function
in plant defence signalling. Inhibiting GLRs in tobacco cells using antago-
nists of animal ionotropic glutamate receptors was found to reduce the
cytosolic Ca2+ signal and the production of NO induced by cryptogein,
a fungal elicitor [29]. Furthermore, cryptogein triggers a release of gluta-
mate in the apoplast at a concentration allowing the activation of GLRs.
Genetic approaches have also been used to show a role for GLRs in devel-
opment and adaptation to stresses [30], but the identity of the genes as-
sociated to plant defence remains to be elucidated.
On the Ca2+ efﬂux side, disruption of several members of the ACA
family was found to alter plant immunity in Arabidopsis. Arabidopsis
has 14 P-type Ca2+ ATPases including 10 ACAs located on different cel-
lular membranes [31]. A double knockout mutation in the vacuolar
Ca2+ pumps, ACA4 and ACA11, results in a high frequency of HR-like le-
sions by potentiating the action of salicylic acid (SA), a phytohormone
playing a pivotal role in defence [32]. Other work has shown that dis-
ruption of the plasma membrane-localized ACA8 or ACA10 leads to an
enhanced susceptibility to a virulent strain of Pst [33]. Interestingly, a
modiﬁed Ca2+ signature was observed in the double mutant aca8/
aca10 in response to ﬂg22 treatment. The expression levels of other
ACAs, including ACA12 and ACA13, were also found to be dramatically
induced upon exposure to pathogens, suggesting the involvement of
additionalmembers of the ACA family in the control of Ca2+ homeosta-
sis during pathogen infection [34].
All these data reveal that the action of channels and pumps
governing Ca2+ ﬂux across the plasma-membrane and the tonoplast
contributes to generating cytosolic Ca2+ signals elicited by pathogens
and PAMPs, and that disruption of Ca2+ homeostasis affects the ability
of plants to mount appropriate defence responses against pathogens.
As Ca2+ signatures result from the coordinated action of Ca2+ inﬂux
and efﬂux pathways, how Ca2+-permeable channels and transporters
are regulated during plant-pathogen interactions, has to be considered.
CaM appears as a central player in the control of Ca2+ transport systems
because both CNGCs and ACAs are known to be regulated by CaM (Fig. 1).
It was previously shown that CNGCs are activated by cyclic nucleotides
and bind CaM at a site that partially overlaps the binding site of cyclic nu-
cleotides [35]. Binding of CaM results in the inactivation of the CNGCs by
interfering with the binding of cyclic nucleotides [36]. Thus, the negative
action of CaM on CNGC activity provides a direct feedback pathway
allowing Ca2+ itself to restrict its ﬂux into plant cells. The ACAs, described
above, belong to a sub-group of CaM-regulated Ca2+-ATPases that
contain at their N-terminus, a CaMbinding site and an auto-inhibitory do-
main [37]. CaMstimulates the activity of theseCa2+pumpsbypreventing
their auto-inhibition. The activity of ACAs can also be inhibited by phos-
phorylation within the N-terminus domain. Phosphorylation of several
serine residues surrounding the CaM binding domain in ACA8 was
shown to reduce the kinetics of activation by CaM [38]. Interestingly, pro-
tein kinases possibly involved in the regulation of ACAs have been pro-
posed. Both ACA8 and ACA10 were reported to be differentially
phosphorylated upon treatment of Arabidopsis cells by ﬂg22, and ACA8
was found to form a complex with FLS2, the receptor-kinase of ﬂg22,
suggesting a direct regulation of the Ca2+ pump by the ﬂagellin percep-
tion system [33,39]. ACA8 was also shown to be phosphorylated in vitro
by a CPK [38]. It will be interesting to conﬁrm that ACAs are in vivo sub-
strates for CPKs because several CPKs have been recently characterized
as central regulators of immune responses [14,40,41], but their substrates
have to be determined.Moreover, the possibility to activate and inactivate
the ACAs by two distinct Ca2+ sensor proteins enhances the importance
of Ca2+ in the feedback control of Ca2+ transport systems.
Collectively, these data reveal a central role for CaM in the regulation
of Ca2+ channels and pumps, like CNGCs and ACAs,whose activities can
bemodulated by additional regulatory events such as ligand binding orphosphorylation. The multiple regulatory properties of CNGCs and
ACAs, their diverse sub-cellular locations and tissue-speciﬁc expression
patterns provide a great ﬂexibility for modulating Ca2+ oscillations. A
future challenge is to decipher how Ca2+ inﬂux and efﬂux processes
occurring at different cellular membranes are coordinated to generate
a stimulus-speciﬁc Ca2+ signal.
3. Function of CaM isoforms and CMLs in plant immunity
Unlike animals, plant genomes generally contain CaM genes en-
coding several typical CaM isoforms and genes for divergent forms of
CaM, called CaM-like proteins (CMLs). For instance, 3 distinct CaM
isoforms and 50 CMLs are predicted from the Arabidopsis genome [42].
Despite potential redundancy betweenmembers of the CaM/CML family,
accumulating evidence indicates that deregulation of CaM/CML gene ex-
pression or loss of CaM/CML function in mutated plants strongly affects
immune responses (Table 1). Down-regulation of the expression of path-
ogen induced-CaM isoforms, such as NtCaM1 and NtCaM13, was found
to differentially impact disease resistance in tobacco [43]. Thus, silencing
the expression of NtCaM13 enhanced plant susceptibility to viral, bac-
terial and fungal pathogens while knockdown of NtCaM1 did not.
Conversely, transient overexpression of pepper CaM1 activates the pro-
duction of reactive oxygen species and NO, and induces the appearance
of HR-like lesions and the expression of defence-related genes in pepper
leaves, leading to a local resistance to bacterial pathogens [44]. Genetic
evidence for the implication of CMLs in plant immunitywas also recently
reported through silencing the expression of APR134, a CML gene in to-
mato, that results in the suppression of HR, whereas overexpression of
CML 43, an ortholog of APR134 in Arabidopsis, accelerates the HR [45].
CML24-knockout mutation in Arabidopsis also impairs the HR to an avir-
ulent strain of Pst and reduces the generation of NO induced by lipopoly-
saccharides, which are bacterial components acting as PAMPs [46].
Arabidopsis CML9 contributes to plant immune responses, as demon-
strated by the enhanced and reduced susceptibilities displayed re-
spectively by cml9 mutants and overexpressors in response to virulent
strains of Pst [47]. This phenotype is deﬁned by alterations in ﬂg22-
induced responses, including deposition of callose papillae and expres-
sion of defence-related genes. Other genetic studies have shown that a
tobacco CML termed rgs-CaM (for regulator of gene silencing) plays a
role in antiviral defence bymodulating RNA silencing, a general plant de-
fence strategy against viruses [48]. All these observations provide strong
evidence for the involvement of CaM isoforms and CMLs in several
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CML interacting proteins have highlighted detailed mechanisms of
CaM/CML regulation of plant immunity, as described hereafter.
Searches for CML binding proteins by screening approaches have re-
vealed that, like CaM, CML9 can bind various proteins including diverse
transcription factors [49–51]. Some of these potential targets are unique
to CML9 and closely related CMLs, whereas others are common to CaM.
It is worth noting that CML9 interacts in plant cells with transcription
factors such as WRKYs and TGAs, two classes of transcription factors
known to play key roles in the regulation of disease resistance. Howev-
er, the effects of CML9 on the activity of these transcription factors are
yet to be elucidated. Among other CML interacting proteins, ATG4b, a
cysteine protease involved in cell autophagy, was recently identiﬁed
as a speciﬁc CML24 binding protein [52]. Comparative analysis of
ATG4 activity in cml24 mutant and wild-type plants suggests that
CML24 is required for the regulation of ATG4 activity. ATG4b is a possi-
ble target associated to the role of CML24 in the HR, because knockout
atgmutants, like cml24mutants, display defects in the HR [53]. Surpris-
ingly, the tobacco CML (rgs-CaM), involved in the regulation of
virus-induced RNA silencing, was found to directly interact with virus
RNA silencing suppressors [48], thus providing the ﬁrst example of in-
teraction between a plant CML and a pathogen protein. Plants use
RNA silencing as a defence strategy against viruses by promoting the
cleavage of viral double-stranded RNA into short interfering RNAs
(siRNAs)which then silence the expression of viral RNAs [54]. However,
viruses possess RNA silencing suppressors (RSSs) which weaken the
host defence response. RSSs bind to siRNAs and block their action. As
observed in the ETI, plants have developed proteins that can detect
viral RSSs, and a direct interaction of rgs-CaM with diverse RSSs has
been observed in tobacco cells. Rgs-CaM was found to inhibit siRNA
binding to RSSs, and to facilitate the recruitment and the degradation
of RSSs into auto-lysosomes [48,55]. These data represent a unique ex-
ample suggesting that Ca2+-mediated regulation of plant defence can
occur through the interaction of a plant Ca2+ sensorwith pathogenpro-
teins. To date, searches for CaM/CML target proteins have mainly fo-
cused on the interaction of the Ca2+ sensors with plant proteins.
However, current studies on the identiﬁcation of plant proteins targeted
by pathogen effectors might provide new ﬁndings on the ability of CaM
and CMLs to interact with microbe proteins.
Other studies on CaM binding proteins have highlighted the role of
CaM in the control of expression of defence-related genes. Mounting
plant defence depends on massive changes in gene expression in
order to favour defence responses over other cellular functions, and
the coordination of this transcriptional reprogramming is conferred byFig. 2. Role of Ca2+ and CaM binding transcription factors in regulating the expressionthe concerted action of a variety of transcription factors (TFs) [56]. In
plants, CaM binding TFs have been identiﬁed in diverse families of
DNA binding proteins including plant-speciﬁc TF families [57]. Func-
tional analyses of pathogen-induced TFs have revealed key roles of sev-
eral CaM binding TFs in plant immunity [58]. Notably, the function of
some CaM binding TFs was found to link Ca2+ signalling and salicylic
acid (SA), a defence hormone required for both PTI and ETI [59]. Patho-
gen infection induces the production of SA by up-regulating the expres-
sion of two genes (ICS1 and EDS1) involved in SA biosynthesis, and
recent studies indicate that expression of ICS1 and EDS1 is positively
or negatively controlled by CaM-binding TFs (Fig. 2). Knockout muta-
tion in CBP60g, a plant-speciﬁc CaM binding TF, results in defects in
pathogen-induced SAproduction and ICS1 expression, and an enhanced
susceptibility to the bacterial pathogen Pst [60]. Importantly, comple-
mentation of the cbp60g mutant background with a mutated CBP60g
protein, impaired in CaM binding, does not restore SA production and
defence, thus indicating a critical role of CaM in CBP60g function in
the control of SA level and defence. Additional analysis indicates that
CBP60g and SARD1, another member of the same TF family, are
recruited to the promoter of ICS1 gene after pathogen infection,
suggesting a direct regulation of ICS1 transcription by these TFs
[61,62]. EDS1 gene is another positive regulator of SA level, whose ex-
pression is negatively regulated by CAMTA3 (also called SR1), a CaM
binding transcription activator. Plants lacking a functional CAMTA3 dis-
play an elevated level of SA, a high expression of EDS1, and constitutive
defence responses [63]. As observed with CBP60g, complementation
experiments have shown that CaM binding is required for the function
of CAMTA3 in the control of SA production and defence. CAMTA3 was
also shown to bind the promoter of EDS1 to repress its expression. Col-
lectively, this suggests that CaM binding TFs are key modulators of
pathogen-induced SA production, which act by exerting opposing
effects on the expression of SA biosynthesis genes. Thus, Ca2+/
CaM-mediated signalling promotes the production of SA and SA-
dependent defence, but also prevents an over-accumulation of the hor-
mone, that could lead to deleterious effects in normal conditions. Other
studies have revealed additional roles of CAMTA3 in defence, such as
the direct regulation of the expression of NDR1, a key component in
ETI, and the regulation of genes involved in the metabolism of
glucosinolates [64,65]. Glucosinolates are secondary metabolites acting
as a chemical defence against herbivores, and their production induced
by a herbivory attack, was also found to be regulated by CML42 in
Arabidopsis [66,67]. Other CaM binding TFs including several members
of TGA, WRKY, MYB and NAC families have been reported to positively
or negatively regulate plant defence responses, but the effects of CaMonof NDR1 and SA biosynthetic genes, EDS1 and ICS1. Details are given in the text.
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that CaM is involved in the modulation of positive and negative
effectors of defence reveals a pivotal role of CaM in tuning immune
responses.
4. Concluding remarks and future directions
Despite the fact that CaM has been a subject of research for many
years, our understanding of CaM/CML-mediated signalling in plants is
still far from complete. Over recent years, signiﬁcant advances in the bi-
ological function of individual CaM isoforms and CMLs have been
achieved by phenotyping knockout mutants. Given the diversity of
CMLs in plants, it will be difﬁcult to deﬁne the biological role of each
CML, but gene expression analysis, sub-cellular localization of proteins
and isolation of targets will provide valuable information to evaluate
the distinct functions of CMLs and their contribution in conferring spec-
iﬁcity in Ca2+ signalling. Only few of them have been studied for their
biochemical properties; therefore, much remains to be done to demon-
strate that CMLs function as true Ca2+ sensors by deﬁning their re-
spective Ca2+ binding properties. There is also a need to explore the
biological functions of CaM/CML binding proteins and the relevance of
protein complex between CaM/CML and their interacting partners in
plant cells. Signiﬁcant advances in Ca2+-mediated regulation of gene
expression at the transcriptional and post-transcriptional levels have
been achieved by recent studies of several CaM/CML targets [45,46].
Given that different members of the CaM/CML family and other classes
of Ca2+ sensors, like CPKs and CBLs, often function in the samephysiolog-
ical processes, the connections between these Ca2+ signalling systems
need to be explored to decipher how they are coordinated. Moreover,
Ca2+ signalling is also connected with other signalling pathways, and
hubs where Ca2+ signalling and hormone-mediated pathways converge,
are now emerging. Deciphering integration and crosstalks between the
myriad of signalling systems involved in the regulation of plant physiolo-
gy remains a challenge for forthcoming studies.
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